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Llectronic Lpecific Heat amd Laturation Yagnetization

of Crel'e and Fe-Co uloyl*

L. Lercer
Carne;le Institute of Technology, Pittsburgh 13, Permsylvunia

Abstracts The oollective mod ferromarnetism is apnlied
to various odels for tMM bec alloys of
transition metials, In the fir.t band profile, we zonsider a
rectangulor sub-vand with rounded lower and uprer edges,
assunding an intraeatadc exchange integral Just larre enough
to produce ferromasnciism, The lowetemperature specific heat
coef{icient x is found to have a sharp peak at the electron
concentration where forromugnetism starts (almost empty sube
+and), and a deep nminimum at the concentration with largest
saturation masnetization (half-filled sub=band), This agrees
qualitatively with the recsuretcnts by Cheng, Wel, and Eeck
in Cr-fe and Fe=Co alloys. The agreenent Lecores cuantitative
if 2 secong, sir:'.i.ln.r’muel of the bax profile is used vhere
the density of ctate. inside the subeband is not constant bLut
dreps linearly with inereasing energy. The calculated zero-
tenperature saturation nagnetizatlons agrec well with the
blater-Fauling curve for these alloys, In & third roldel,

% ork supportad in part by the Office of liaval hesearch and
the National vclence Foundation.
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the sharp peak of X is not a simple consecuence of the
action of the collective model, Lut reflects the existence
of a rcal peak in the assuned Lond profile., Then this peak
of x is predicted to happen at an electron concentration
sli htly larger than the one at which ferromagnetiem starts;
this ceems to ve found experircentally in the Cr-Fe series,
The calculated saturation masnetizations agadn agree with the

SlateresPauling curve,
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INTRODUCTICN

A great wealth of experinental data on the electronic specific
heat of bLodyecentcered cubic alloyes of the first transition series is now
available, due to the work of Cheng, llei, and Beck' and of other authou2'6
This pives direct informtion about the nrofile of the 3d band, at least
in the case of alloys where no forromagnetic spdn polarization is present,

The purpose of the present work is to invcstigate theoretically
the effect of a ferromi nitic spdn polarization on the lowetemperature
electronic specific heat of bee alloys in the (ramowork of the collective
Approach to ferromu nctism, assuulng various riodels of Lnc band profile,
Lasing the sare nodels, we also campute the zero-temperature saturation
may netizutions ifor thesve veries of alloys, to Le caupared with the welle
known e -perimental Slaterefauling curve =13, The present work shovld
also provide a reneral picture of the electronic structure of the ferro-
magnetic bee iron alloys,

It 1e Ly compurine the predictions of the collective model wdth
the nanetization data that E»later? and mulirgs were able to conclude
that a rcplon of low density of states should exist in the profile near
the Ferrd level of chradwui, Unfoitunuiely, the value of the magnotizae-
tion is rather insensitive to ihe details of the band profile. By
combining the specific heat infomation and the ma netization informstion,
we will see that a more detailed picture of the profile may be obtained,

lhe calculations are done only in the lirmit of vanishing tempera-
ture, as we think thut the collective model of ferromagnetism, in its

original iarm, is not acecuate at finite temperaturcs,
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THE COLLECTIVE MODIL OF F_HROMAGNETISM

The collective model of ferromacnetism hae bean disgussed by
Utoner and by lohlfarth™, le wdll use a notation simlar to that of
%'!ohlrart.hlt ilectrons of a ;iven spin orientation have a density of
states \)(€), vhere € ia the one-elsctron encrry. The function )) (E)
i3 the sanme for both spin orlentations, and is independent of band filling
(ririd vamd approximution). 7The Fermi level for eloctrons of spin down
is called em, and that for clectrons of epin up is € ,o. An exchange
enerpy -J is asswwd Letween any two electrons of the same spin oriontae-

15‘, :.‘ohlmrt.hw introduces the parae

tion; insteud of J, used by Lidiard

neter €' defined by € = NJ/2k , wherc kis the Uoltzaann conctant and

N the pumber of elcctrons per atom in the Lund, The euergy of the electron

system at ez:m temperature 1s:e '

E=JeVede +[eve)de - {-Nf - _E_TN:
0 c '
€o

= e e)de + ee;??e)ale —%N2+JNe”z
0 o

(1)

where X‘:' and “2 are respectively the number of electrouns with spdin down,

and vith apin ups

eoa 609.
N = jv(e) de N={vede @

N=N+N,



The ocondition for an extremal value of the total eneryy E,

under the constraint of constant number of electrons N, may Le uritten:

€o2
€,- €, = J ev(e)ole 3)
(+]]

Eq. 3 1s the basic equation of the collective model of ferromagne-
tian in the case of zero temperature. For a ,iven value of N, it always
has the parama,netic solution € o, = € If \)(€) exceeds the
value \)c = 1/J at the pararagn tic Ferud level, the paramacnetic
solution is unstable, and some ferromagmctic solution will set in, with
€g <K € opr Ve wdll call Vc the "critical® density of states,
1y (€) L \)c » the morawametic solution is stable; however, a
ferroma; netic solution may somctimes still exist even under these condi-
tions, as will be mentiocned in a later section,

then & oy d € ,, have been found for a given value of K,
by solving Zge 3, the values of N, and N2 nay Le calculated ty Eq., 2,

The coefficient X of the lowstemperature electronic nolar

i
specific heat may be calculated too“" *s

= 311&: N,(V(€) + V(E00)) "

where N o is Avogadrots number. This equation is valid cnly when T

is much smaller than the Curie temporature,

T W‘mmwetWVQmw.w:mrmmw, T -

.



The zerostemperature saturation mapnetization p, expressed in
tohr marnetons per atom, is iven by:

k= -g( N,_(eoz) - N, (em)) (s)

where N1 and “2 have been defined by Eqe 2, and vhere g is the g factor
as measured by ferroma;nctic resonance' 7.

The eod.ntence'a of spin waves in ferromagnetic matcrials and the
persistience 19 of permanent mgnetic uoments above the Curie point of iron
and nickel imply that the colleciive model of ferromagnetism, in its
oririnal fom"‘ , does not describe completely thc thermel excitations
of a ferronagnet, Therefore, in the present paper we will limit ocurselves
to the case of vanishing temperature, lowever, this does not imply that
3_11_ results of the tieory become wrong at finite temperature, In fact,
we will sce later that the zero-temperature theory does not rcally require
opin alirnment in order to anply, lut only a spontaneous smin polarization,
Sone of its results for X zight be valid even above the Curie point
of a ferrarrnet, provided disordered naments are still present,

i@ know also that the collective model and the rigid band approxi-
mation are concerned only uith the clectron distribution on thc enerry scale,
They say nothing about the charge density or spln density in space. ‘here=
fore, we ¢an mredict only certain properties, like the specifi. huat or
the bulk magnstigzation,

We think that, provided these natural llultations of the collective
picture are taken into account, it should apply as well o iron alloys as

to nickel alloys, at vanishing tempereture, More sophisticated many-body

method}gre necessary at finite temperature.



IR e s o m

APPLICATION 70 A RECTANGULAR SUB-BAND \ITH ROUNDID EDGES
(PIRST BAND V'RUFILE)

Ve consider a rectangulsr sub=band with rounded edges (Fig. 1).
We call this very simple model the first band profile. The sub=-land is
assuued to describe roughly the upper third of the 3d band of boe alloys,
above a region of low density of states located around the Fermi lovel of
chrouium, moﬁeinofthoemrzyscdecomapom-btmremm
of an alloy having X = 5,3 el/at.

In the rerion below the lower edre of the rectangular sub-band,
where ferromacnetisn is absent, measurements of electronic specific hu.t'
(on V <Cr alloys and dilute alloys of iron in chromium) cive directly
the values of ) (€ ). This experimental informtion has been used to
draw the curve of Fige 1 for € < 0,6 eV, Similarly, the cémtant
value of \) ( €) drawn above the top of the 3d band ( € > 1.25 eV)
has been chosen in such a vay as to repmducolmmtly the measured
elsctronic specific heat of (fcc ) copper®’,

Chromium and its diluto alloys with iron are known to have some
Idnd of an antiferrori: netic cpin polarization below room tar.peraturezz.
Lecause of this complicition, one mifht think that the speeific hoat
neasurecents do not cive directly the band profils in these alloys.
llowever, measurements of specific heat in boc alloys of the second or
the third transition serles>>, which are not antiferroragnetic, give a
very sinilar band profile in this range; in particular, there is a low
density of states at the Fermi level vhen N =6 @/al, ‘e 1l com-
pletely ignore the presence of antiferromagnotism in the alloys we

consider in the presemt work.



The shape of the rectanrular sub-band iteelf (Fig. 1) has been
chosen arbitrarily. Howevur, it will Ls shown to lsad, wher combined with
Edqe 3 of the collective model, to a correct prediction of the main features
of the alectronic specific heat results as maaured' in series of ferro-
macnetic CreFe and FesCo alloys, anxd to give values of the saturation
ma; netization in agreecient vith the measured laterePauling curve for these
alloys.

Ve have solved Ly, 3 for a few hundreds of values of the electron
concentration N We use the electronic computer, Lendix G=-20, at the
Carnegie Institute of Tochnolory. Ve have ovtained for each value of N
the corresponding values of & ;6 €go» Nys Ny, and therefore of X
and 3 they are piven by Ine 2, iGe Ly e 50 The results for x and p
are representod by the solid curves of Fig. 2, in the dase where
d = 0,29, eVx Qt/el . Ye assume g = 2,094, which is the erperimental

value for pure iron.ﬂ

The x curve marked "poramagnet" refers to the
case J = 0, where the alloy would always remain a Paull paramarnet,

The 1most striking feature of the tlicoretical x curve of Fig, 2
for a ferromagnet is the revence of a sharp peak at the electron con-
centration at which ferroma netisn sturts, It is easy to understand the
phyeical reason for the existence of this peak, If ue ctart filling the
3d band, the alloy 18 a Faull paramugnet at first, The two Ferml levels
are identical and contribute equal amounts to the density of statee.
According to Eq. 4, the curve for x will be simply an image of the band
profile, and will rice rapicly when the rectancular subsband starts filling
up at N = 6.2 €]/akb , corresponding to the left side of the poak.
liowever, as soon as the critical density of states nescessary for ferro~

regnetisn is reached, tho Femd level € ,, of the spin down electrons



moves ranidly wuck bLelow the lower edge of the rectanfulur subebarnd, theree
by reducing drastically its contritution to the density of states of the
forromagnet, The vulue of X drops therefore rapidly to a fraction of its
maxdimum value, according to Eqe 4, and this corresponds to the right side
of the peak,

By many ealculations performed with diffcrent values of J, we
have found that the x peak is especially prominent if ¥ = 1/J 1s
only slirhtly smaller than the raximum density of states reached in the
rectangular subeband, Secondly, the peak is sharp only if tho lower edge
of the sub-band is not too rounded and 4f the slope at the edze is large
enouch, However, 1f the edie is rounded only very little, arxd if the slope
at the ed;e is too hirh, the peak may ve so sharp and so marrow as to
escape detection. It vanishes completely in the case of an exactly rect-
ancular band,

\ slmilar peak of x axists at an electron concentration corre=-
sponding to almost complete filling of the rectangular sub=band and to the
end of thc ferravwpnetic ranges It plays howewer no role in practice, as
no bee alloy exists in the first transition series With N > 6.8 el /at .

Another feature of the theoretical curve of Fir, 2 is a minimm
for We=g.3 el /dt o 1he physicil reason for this winimm is the followdng:
At this electron concentration, the Fermi level & oy 18 below the lower
edce of the subeband, while the Fend level € oz 18 above ihe upper edge.
Therefore, thc contributions of both Farni lsvels to the density of stutes
are very suall,

l'e discuss now the solid curve for the theoretical saturation
magnetigation p in Fig, 2. It is i:ade up of two parts, In the first part,

¢ increases by approximately one Lohr magneton for cvery electron added to
the ailoy. The physical rcason is that the Forrd level € 01 of spin




down electrons remains stationary Lelov the lover edge of the subeband,
while €& ,, rises throuch the sub-bard, In the second port of the curve,
corresponding to a more than half-filled subeband, | decreases approxi-
mately by one Hohr magcneton for every electron added to the alloy, Here

e oz Temains stationary above the upper edre, while EO‘I rises through
the sub=band , The two linear parts of the curve are connected by a rounded
recion, Ve notice also, at the left end of the y curve, a rounded part
starting with a vertical (or almost vertical) tanrent,

The lowetenmperaty : electronic specific heat of bee V-Cr, Crels,
and Fe=Co alloys hus been ncasured by Cheng, ‘'el, and b’eck.' The experi-
rental values of the coefficient x are plotted a: a function of electron
concentration in Fig, 2 (see the cashed curve),

A sharp peak ir present in the experimental x curve at N = 6,4,
ihis value 1s close to that at uhich ferromacnetisn starts, Schroderz”‘
has measured the srecific heat of some CiwFe alloys at elevated temperae
tures (up to 6Z)°K), in order to investirate further the nature of this
peak. The conclusion is thit thepeak is really electronic in nature, and
is not due to the 1a nctic anoualy of the specific heet occuring in the
ned hborhood of the Curie poimt of & ferromacnct. The Curie point, though
falling very rapldly, is in fact still around 50%-£0%K in this runge',
that 1is ruch hichexr than the teuperature at which the low-tenpe. ature
measurerents have bLeen e, ‘s the curves of c' /T versus 7° are
reasonably lincar at low temperature, it does not seem ic us that supere
puram netic clusteras’6 should play a major role in the pcak either,

lie see in Fig. 2 qualitative a_reenent Letween the experimental
results for x and the redictions of the collective pleture as applied

to our 10del of the band, 7he theoretical curve hius a necak of the some
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marnitude and the same location, ! = 6.4, as the experimental curve,
ihe only descrepancy between theory and experinents exists in the rance
between Nl = 7 and N = 8, where theory jredicts a plateau for x } this
questic.. will be discussed in a later section,

The lowstemperature saturation narnetization of bee Cr-Fe alloys
has been measured by Fallot", arxd by Nevitt and .'\Jl.dx'ed13 « That of
boe Fe=Co alloys has been reasured by 'eiss and Forrcr'o. These data,
convurted to Dohr masnetons per atom, are also plotted as a dashed curve
in Fig, 2, They constitute a part of the soecalled SlaterwPauling curve, ' ?
e see arain rather cood arreement between thicory and oxperdient, The
only descrepancy takes place necar !N = 8,2, in the Fe-Co alloys corrcspond-
in; to the lariest values of u. The rounding of the experinental curve is
larger than that of the thearetical curve,

To sum up what has Leen said above, according to this first model
thc sharp peak of X observed at I = 6,4 in Cr-Fe alloys is of an electronic
nature, oul rives only a very dictorted irare of the true band profile in
these alloys, The profile hus no sharv sigularitics. ‘The existence of the

x peak is rather a conseQuence of the onset of ferroua-netic spin polarie
z2ation in a rectanculur sub-tand with somewhat rounded edces, This peak
would be wtuch lecs prominent, or even caipletely atsent, in Lands of other
shanes,

This interpretation of the specific heat data is different from
thall suczested by Cheng, el, and Beok' theswelves, who assume that the
data give a direct idea of the true 3d band profile; sirmdlarly, Good.onoughzh
interprets the peak of x s representing the true band profile for

elsctrons of e“syﬂwu'vtm
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According to our calculation, the Fermi level of spin down electrons
in iron (N = 8) is located Lelow tne lover adie of the rectangular sub-band,
As a result, the density of states at the Femd level is contributed mostly
by spin up electrons, in qualitative agreement with contact poteantisl
measurenents by Wnlmlcyzs. This point will be discussed further later,

MODIFICATION OF THE ROCT.ANGUIAR SUB=BAND
(SECOND LD PRUFILE)

e will now modify the rectangular sub=lLand of Fig. !, in order to
improve the acreuncnt with ex; erl.ental x datu, This second band profile
is shown in Fig, 3. The modification keeps unchanged the most essential
feature of the profile, namely the slisht rounding of the edres of the sube
band, lowever, the density of states, insteud of rexining constant inside
the sub-band, now decruvases lineurly :it2a increasing energy.

It becones then necessary to ascume also that the exchance oot
stant J increases gradually wdth electron concentration, /e assume the

following relation:

1 (6)

) = o ()

This specific exmression is cuch that thc density of states
(of one spin direction) V (€) at the Ferrd level remains always
slishtly larcer than the critical valve V. = 1/0(8)  shile the aub-
band is Leing filled, Otherviise, ferramagnetism would soon stop.

We have solved Eg. 3 of the ocollective model, with a variable J
civen Wy Eq. 6 and assuming the band profile of Fige 3. The resultu are
shown in Fig. 4, Fig. 5, and Fir, 6. "o use the same value [ = 2,094
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as before. These results are very simlar to those obtained earlier for
the firet band profile of Fig. 1 and a constant value of J. The only
difference is the disappsarance of the plateau of x for a ferromagnet
in therange N =7 to N = 8 (conpare Fig. 2 and Fig., 4)s We have now
reached a satlisfactory fit of the theoretical curves to the experimental
data for x and p (Fig. 4)

We see that, as in our first calculation, the sharp peak of

and the subsequent minimun do not pive a true idea of the 3d band profile,
The latter 1s in fact much eimpler and cmoother than the x curve,

lhe motions of the Fer 4 levels during the filling of the sub~ltand
are renresented in Fig, 5. They are very similar to those taking place
in the cuse of the first band profile, which were discussed earlier but
not represented graphically, .

STUDY OF A SUB-BAND LXHILITING A PhAK
(THIRD B.A4D PROFILE)

In the two previous inodels of the band profi;e, the tharp
poak was due to tlie action of the collective model of forromirnetian,
] rather than to sorme oc sincularity of Lthe band profile itvelf, which
was always very smooth, Ve shall now investigate a coupletely different
nodel of thic bund profile, which exhibdts a sharp peak of the deacity of
stites, fThis third band profile is shown in Fig, 7.
; lhe results for x and u , as calculated with the collective

model of ferromagnetism, are shoun in Fig, 8, Ve have assumed a variable
value of J given by:

J(N) = ! (7)
2,2 - 0,5 (N-8)
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We use the same vilue ¢ = 2,094 as before, '@ reach also here
£ood arrcerent between theory amd experinents for ferramagsiietic alloys,
as cun uve veen {n Fig, 8.

We have calculated the locations of the two Fermi levels (Fig. 9),
and the numbers N, and N, of electrons of each spin (Fig. 10).

CHOXCE GL.IWLEN THE VARIOUS BANC PROFILES

Of the tliree band profiles which we huve investirated, the first
one does not decserve more attention as it is only in qualitative agreement
with the experimental cata, ‘e vill now discuus in more detail the results
obtained with the second and with the third vand profile, in an effort to
docice which one of these two is to bte preferred,

Our bund profiles may be compared with the electronic specific
heat data23 for bee alloys of the second or third trensition series, which
are not ferrouagnets but rather Pauli paramagnets, These data should cive
a direct idea of the correct band profile. No sharp peak i: present at
M= b4 in Yio ke and lio=Tc alloys, Instead, there is 4 rounded lower
edi’e very sirilur to Lhe one we have 28suned for our sccond bard profile
(Fig. 3). OSiwilarly, neasurceats of thic wupercomuucting trancition tone
perature in these alloys should give some idea of thic band profile, There
is, a ain, only a rounded edie ani a flat maximum, but no sharp peak, in
bee lio-ke and W-lie a}.ioya26 at I = 6,4, 9lhe sarc flat maximum has
been found>! in CreRe alloys, In all of those alloy series, the boo
rance extonds only up to apyroximately N = 6,5, so that most of the sub-
band remainu out of sight.

Wood 22

has recently done an APv band calcuiation for Lec paras
ma;netic iron, ‘lhe l'ood profile has been calculated in rmore detall throuch

an analyticil interpolation procadure by Cornwell and ‘.-.ohlfart.h”; it has
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soe similoritics with our band profiles, in particular the existence of
a region of low dencity of states nexr tho Fermi level of chromiun, but
there are also large differencec, For example, the width of the part of
the Jd band locatec above the Ferni level of chromium is at least 2 oV
in the case of the licod profile, aml only 1 eV for our second or third
profiie, Vood's maximun density of states is correspondingly smaller than
ours, =0 ruch that it cannot uccount for the x values observed in CreFe
alloys. iloreovur, the lower ede of ‘lood's sub-band exhibits a nore come
plicated structurc than the oxperirental x data Beem to indicate,

Cheny, Viei, and Beck have civen a nodel of the band :rofile ce-
rived from their own specific heut messurements in Y -Cr, oreFe, and
Fe=Co alloys. It is wvery sirdlar to our third band mrofile, Hovever,
as their anolysis of the dita docs not taks exnlicitly into account the
exchan ¢ splittings and their variation with Land £illing, the minirun of

x preseml for N = 8,3 appears in their model to be causcd by a corre
sponding minimum of ) (€ ), while it is, in our model, a direct con-
secuence of ferro.agnetism,

As was sald before, a sharp x peak has been observe 44?4 gven
above the Curie points of Cr-Fe alloys, This secers at first to exclude
our second band profile as a pos-ille one, since with this profile the

x peak would be due to the existence of ferromacnetism, llowever, a

litile reflcction shown thut & spontaneous spin polarization is recuired

s RN L AN .

to sroduce the psaic, Lut not neces.arily a spdn alignrnent, Permanent
mpnetic monents exist's in iron above the Curie point, hut are disordered.

This situation can be described by tand theory, as llerring and lf.ittol” o3

have shown, if a direction of quantirzation of the spin is chosen which is
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different in cuch lattice cell, and which is parallel to the lzcal direction
of the atoric magnctic moment (direction of the intra-atomic exchanre field).
1he wave=-function of a "spineup" Lloch wuve is chosen in such a vay that the
spin is everyvwherc parallel to the local quantization direction. The "epine
down" Hloch aves are defined in a corresponding manner, These Bloch waves
are appraximte eigenfunctions of the hardltonian, provided the precession
period of a spin in the local exchanre field is smaller than thc time of
flijht of an electron ovir a length ecual to the range of the short ranse
orcer of ithe atomic :oiuents, In ithe representation of theve Uloch waves,

the description of the ferromacnet i: nmot very different above and below the
Curie point. In particular, the dencity of states at the Ferri level would
not change appreciably, The Femd level of spineup electrons would be
different from that of spinedown electrons oven above the Curie poimt, We
do not know how ;ood this approxiration is in the cuse of ferromaisnetic
Cr-Fe alloys, but it su; ests that the same unechanisn by which the collective
nodel of ferromupnetisi: and the second band profile lead to the edstence of
a x peak at low tetperiture will jAve the peaxk even above the Curle point,
if discrdercd peranent raomtic norents are present,

As cun be seen in Fig, 2 or Fiz. 4, or I'ig. 8, the »x Jt of the
experinental x curvc i8 localed at a slirhtly higher electron concentra-
tion then the one at which the experimental ma;netization curve starts, On
the 2ont:ary, this shift seens absent in thc theoretical curve:s derived fron
the second Lama profile (Fig. 4). Ve think, howevcr, that the shift might
have boen present in the.. curves too, 1f we had ncdified very slijhtly the
vand profile in such a way us to have the concavity Lurned upwards in a small
recion near €& = 0,65 eV, The basic idea is that ferromugnetiem may start

before the eritical density of states is reached, provided the concavity is
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turned upwards. le do not insist on this point in the present paper, as
ouwr nuneric.l calculations huve not been done 1ith enough resolution on
the electrun concentration scale to perit a detailed analysis of the
phenonmenon, The shift may also be due to another cause, which is discussed
below,

High temperature xrxeasurunenta” 223 of magnetic susceptibility in
dilute alloys of iron in chromium scem to indicate the existence of dis-
orucled peruanent ragnetic mouent:: amounting to more than two Bohr magnetons
on each iron atome, These alloys are Curie parara-nets at hirh Lenperature;
and antiferromagnets below room temperature, Lirdlar ﬁaramgmti.t: monents
exdst™ on iron atous dissolved in molybdemm, homolorue of chromium in the
second transition scries, The saturation magnetization which would be
observed in dilute Cre-Fe alloys if these permanent mrments could be entirely
aligned by a powerful applied field 1s shown by a dotted straisht line on
Fig. 2. This spin polarization is probably of a different nature than the
onc which exists in ferromy netic Cr-Fe alloys at higher iron concention and
wiich gives risc to the Clater=Pauling curve. It cannot be doscribed within
the rigid band approxim:tion. It affects the localized states split off the
Lottom of the reclangular sub-band by the potential of the iron M{mnues% »
and not the subeband ivself. Because of a lack of experimental data, it is
not yet clear how the dotted maynetization curve of the dilute paramagnetic
alloys i. to Le coanected continuously to the solid impnetization curve of
the ferromagnetic alioys (Fige 2). This introduces additional uncertainty
into the shape of tho left ent of the !latcr-Pauling curve. according to
t.hear,y" these loculized states should vanish when the density of states
becoes large, that 4s when N > 6,5, It is culte possible that the presence
of these marnetic localized states is the reason why ferrcmaiprnetisn starts
slichtly before the sharp x peak, in the Cr-Fc scries,
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Vhen the third band profile is used, a shift is oituine. auto-
matically in the thoorotical results for % and p (Fige 8)owThe sign
of the shift is the same as in the case of the experimental data,

As a concluoion, a part of the available evidence favors the second
tanc profile, and another part the third band profile, and it doos not seem
possible at the nresent tize to choose betwecn then, This 1s the reason

why we have investiated both of them in detail, i.e shall discuss in the
next section some other evidence about thic question, derived {rom the cone
sideration of the Vele alloys and oi the ‘iieCo=lec alloyse.

It 1 our oplnion that our Luané profiles e the only ones cone
patiblc wdth the specific hcat and ivignwtization data, in the sense that
the rece vand profile for the.e alioys should be closc to cither our second

or our third tand profile, or lie somewhere in between,

PROP. R1I1LL OF OITHZR ALLOYS
LGUOTATION. OF 1HE PREOENT TH-ORY

It 1s lmown35 »36 that the rifid Land approximation, on which the
collectivc model of terromignctisn rests, is valid vhen Lhe valences of the
two components of the alloy differ by only one or two. ‘iherefore, we can
ugse it on Cr-Fe and Feelo alloys. It mijht apnly also to a lesser axtent to
the VeFe alloys, ior wiich :..-u;n::t.i.zatd.on'3 and specific data‘ exizt, It is
not cxpocted, a priori, to work well on the Ti-Co-Fe allo;s, for which ex-

3 » 48 tha valance difference ic too hich.

perimental data exist too

Another factor is the value of J. The intra-atomic exchance intepral
is not expected to obey a rizid Land rmodel, but dather to depend on an averace
of the local properties of atous of the alloy. In particulor, it is eomewhat

doubtful that ¢ would Lo lar-e enou'h to cause ferromsrnctisi in Cretn alloys.
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‘ihen, accordine 1o our theory, thc x coefficlent should follow the curve
labeled "puramanet® in Fig, 4 or Fig, 8, rathcr than the curve labeled
nferroty'net", ‘lhe eqerinental v:.:.‘l.uca1 of x in the bec CreMn serics
peen effcctively to risc considerably around N = 6,2 without falling at
lar;er values of N, in agreemont with our theory, !llovever, the range of
these Lee alloys stops ncur i = 6,5, so thit much uncertainty remains,

The present theory should apply to the bee Fe-lil alloys, However,
no cxperiiental data on x are availatle,

In the cuse of the VeFe alioys, a sharp x peak is obscrved at
e 5,9 dnstead of Vele I 13 reuarkable that ferroun netisn also t.arts at
= 5,9 in that nerins13. This tends Lo shoi. that the exi:tonce of the
peak is connected to the ferrom: netlism, and favors our vecond Luxiel,

A large wak of x exists at N = 6,4 in orderod 7I1i-Fe=Co alloys3 o
“ven thou h the rijld tund apirosisation is not expected to apply very well
to whese alloys, the pcak is irolably due to the sane causze as in the case
of the Cr-Fe alloys. liovitt has not .('ouncl37 any neasurable magnctdzation
in ardercd 1iCo(N=6,5) at 7°K. lleutron diﬂ'r:nction’s failed to shot any
ordered monents in 71Co ot Loi'.. ihese fiacty scen to show th.t the x peak
is not asioclstedt vith Loe bopinndng of o ferroragactic rejion. Theretore
the second of our bunt profile:s scers at {irst to ic mled out, However, it

canuet e excluded that the :lloys i h: have very low Curie points, \le

repeit he.e thot the tecomd bund profile does not really revidre ferromagnetic

alignmont above h = 6.4 in order to ;ive the x pealk, but only the existence
of perraneat atoide agnctic monente dus to the polurization of the 3d bamd,
‘oreover, according Lo owr theoretical curve based on the second profile
(Fig. 4), the averace atomie -uacnctic toments would not be laryer than 0.3
Johr magneton per atom in tiis ropion, so that they :drht te difficult to

detect Ly neutron diffriction even if tiey were oruered.
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A lirdtation of the present theory is the fact that, as said
earlier, we conpletely nerlect the antiferramagnetisn of the non-ferroe
magnetic CreFe alloyc, This antiferromagnctism consists probably of a
"gpin density wave" or of a spiral structure, of the typs sugrested by

W. Such a magnetic structure cannot be described by a simple
of the Femal level of spineup electrons with respect to the one for
spin-down electrons, The exchangc potential set up by the :pin density
itself nixes strongly torether various Bloch waves of enerry clote to the
terr:i level,

A cusp 1s wreset in the exneriientsl x curve at pure iron
(Fig. 2, or Fige Ly or Fig. 8)e Uinijar ‘cuspe exist in the case of other
pur mot.ala"o. They cannot be explained by the ririd tiand nmodel, and we co
not pay further attention to them in the ;resent work,

As noted carlicr, our theory predicts thaut most of the electrons
prevent at the Ferrd level of iron have spin up, le find p = 0,80 for
the sesond band profile (see Fig, 5) and P = 0.53 for the third one
(see Fig. 9), where p = V(€ g,) = V €,/ V(€ + V(E, ).
Waimsloy® finds experimontelly p = 1 %o that the acreesent 1s not
cuantitative,

CONCLUS IONS

lie have found that two Jdifferent nodels of the band profile can
account in a satisfactory way for the eloctronic specific hcat and marneti-
gation data in Cr-Fe and Fo=Co alloys in thc limit of vanishing tempsroture.
In particular, both of them predict correctly the resence of a sharp peak
of the electronic specific heat at gn slectron concentration close to that
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where ferrocagnctisn starts, In the case of one of these nodels, the sharp
peak is not caused by any singularity of thc profiie, but rather by the
motions of the Ferul levels for alectrons of both spins, These motions have
been investijated vith the help of the collective rodel of ferromacnetisn,
It is not possible at the present time to decide which of thece ruxiels is

the correct one,
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CAPTIONS FOL FIGURES

First model for the uppcr third of the 3d band of bee slloys

of the fir:t transition scries, The horizontal line indicates
the value of the "critical" density of states \)c above which
ferroua netisn sets in, asouming J = 0,294 eV, x at./el.

lesults of the application of the collective model of ferro-
marnetian to the band profile of Fig, 1 (first band profile).
The coefficient x of the low-temperature electronic specific
heat, an the zero-tamperature saturation j, are plotted as a
funciion of clectron concentration, assuming the constant value
J = 0,29, eV, x at./el. The dashed curves reprcsent the corre=
sponding experimental data tor V«Cr, Cr-Fe, and Fr-Co alloys,
The dotted line represents the saturation nagnetization of
localized states eplit off the lower edre of Lhe sub-band, ao
deduced fron susceptilility izcasurenents on parimaynetic

Cr-le alloys,

Leconc model of the band jrofile for the upper third of the

3d band of bee alloys of the first transition serics, Compare
with Fig. t.

Hesults of the application of the collective model of ferro-
nmacnetisn to the bLand profile of Fig, 3 (second band profile),
he coefficient x of the low-temperature clectronic specific

heat, and the zero-temperature saturation magnetization u, are
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plotted as a function of electron concentration, assuming 2
variable value of J given by Eo, 6. As in Fig. 2, the dnshed
curvet represent the corresponding experimental data for
V«Cr, Creke, and lFe=Co a;lloyu.

FIG, 5. Fend level & o1 ©f spin-down electrons, aixi Ferni level
[ 02 of spin~up electrons, according to the collective
model of ferronarnetisn, The sccomi band profile is used, amd
J is assuned to vary accerding to Ly, 6, The Ferni lcvel

& o1 ™ & o2 ©f a Pavli paramacnet is also ropresented,

FIG. 6. Number N, of spin-down electrons, and number N2 of spin=

1
up electrons, according to the collective model of ferro~
magnetism, The second band profile is used, and J is assumed

to vary according to Eq., 6. The number N, = N, for a Paull

1 2
parama;net is also represented,

FIG, 7. Third :model of the Land profile for the upper third of the
3d band of bec alioys of the first transition ceries, Coupare
with Fig. 1 axd Fico 3.

FIC, 8. Hesults of the anplication of the collective mcdel of ferro-
wacnetism to the Land profile of Fig. 7 (third band profile).
lhe coefficient X of Lhe lowetemperature electronic specifiec

heat, and the zeirc-lemperature saturation magnctizatiorn p ,
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CAPTIONS IOR FICURESe=Cont,

are plotted as a function of clectron concentration, assuming

a variable value of J given by Eq, 7. As in Fig, 2 and Fig, 4,
the dashed curves represent the corresponding experimental data
for V<Cr, Cr-Fe, and Fe~Co alloys,.

Farul levels €, and €, » in the case of the third
band profile, J is given by Ice 7. %he Fermi level & = €,
of a Pauli parama;net is also represented,

Valuesotﬂ,am Nz,inthecaseotthethirdhnﬂproﬂh.

J is given by Eg, 7. The value of N, -N2 for o Pau}i pare~
magnet is also represented,
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